Tumor necrosis factor (TNF) receptor-associated factor 5 (TRAF5) is a key mediator of TNF receptor superfamily members and is important in both T helper (Th) cell immunity and the regulation of multiple signaling pathways. To clarify TRAF5's influence on inflammatory bowel diseases (IBDs), we investigated TRAF5 deficiency's effect on dextran sulfate sodium-(DSS-) induced colitis. Colitis was induced in TRAF5 knockout (KO) mice and their wild-type (WT) littermates by administering 3% DSS orally for 7 days. The mice were then sacrificed, and their colons were removed. Our data suggested that KO mice were more susceptible to DSS-induced colitis. TRAF5 deficiency significantly enhanced IFN-, IL-4, and IL-17a mRNA and protein levels in the colons of DSS-fed mice, and the mRNA expression of T-bet and GATA-3 was also markedly elevated. However, ROR-and ROR-t mRNA levels did not differ between DSS-induced KO and WT mice. Flow cytometry showed increased frequencies of Th2 and IFN-/IL17a-coproducing CD4 + T cells in the colons of DSS-induced KO mice. Additionally, TRAF5 deficiency significantly enhanced the activation of NF-B in CD4 + T cells after DSS administration. These results indicated that TRAF5 deficiency significantly aggravated DSS-induced colitis, most likely by regulating Th cell-mediated inflammation.
Introduction
Inflammatory bowel diseases (IBDs), which consist of Crohn's disease (CD) and ulcerative colitis (UC), are chronic and complicated inflammatory disorders of the gastrointestinal tract [1] . Although the exact etiology of IBDs remains elusive, numerous studies have suggested that CD4 + T helper (Th) cells play important roles in both the induction and the maintenance of IBDs [2, 3] . Th cells are traditionally divided into three subsets: Th1, Th2, and Th17. UC is generally considered to be a Th2-type disease, as indicated by elevated levels of interleukin-4 (IL-4), IL-5, and IL-13. In contrast, in CD, it has been suggested that Th1 and Th17 cells play essential roles in the disease's development [4] [5] [6] .
Feeding mice with dextran sulfate sodium (DSS) solution continuously for several days can induce an acute colitis that is characterized by diarrhea, rectal bleeding, body weight loss, shortening of the colon, and mucosal ulceration. This relatively simple and replicable method by which chemical colitis in mice is induced has been widely used as an experimental animal model of human IBDs and especially UC [7, 8] .
Tumor necrosis factor (TNF) receptor-associated factors (TRAFs) represent a group of important signaling transducers for the IL-1, TNF, and Toll-like receptor (TLR) superfamilies. Structurally, TRAFs consist of an N-terminal cysteine/histidine-rich region as well as a homologous area at the C-terminus [9] . Numerous studies have suggested that TRAFs participate in multiple biological functions, such as tumorigenesis, stress reactions, innate immunity, and adaptive immunity [10] [11] [12] [13] . To date, seven members, named TRAF1 to TRAF7, have been identified in the TRAF family, although TRAF5 is relatively less understood [9, 14] . Although TRAF5 shares obvious structural homology with TRAF3, its molecular function is most similar to that of 2 Mediators of Inflammation TRAF2 [13, 15, 16] . In contrast to mice lacking TRAF2 or TRAF3, which die prematurely, TRAF5 knockout (KO) mice grow vigorously and display no obvious sign of abnormality [17] . TRAF5 has been suggested to be an important regulator of Th cell immunity and also plays essential roles in mediation of the nuclear factor-kappa B (NF-B) signaling pathway [15, [18] [19] [20] [21] [22] . However, the exact contribution of TRAF5 to IBDs is still unclear.
In the present study, for the first time, we used 3% DSS to induce acute colitis in TRAF5 KO mice and their wild-type (WT) littermates to determine the specific roles of TRAF5 in the pathogenesis of IBDs.
Materials and Methods

Ethics Statement.
In our study, all of the animal experiments were conducted according to the recommendations in the Guide for the Care and Use of Laboratory Animals of Wuhan University, and the protocols were approved by the Committee on the Ethics of Animal Experiments of Wuhan University.
Animals.
Breeding pairs of TRAF5 KO mice (C57BL/6 background) were a generous gift from Professor Hongliang Li (Cardiovascular Research Institute, Wuhan University). TRAF5 KO mice were backcrossed with C57BL/6 mice for 6 or more generations, and the heterozygous parental mice were intercrossed to yield TRAF5 −/− and TRAF5 +/+ offspring that were used for further study. The animals in our experiments were bred and maintained under specific pathogenfree (SPF) conditions and had ad libitum access to food and water. The mice were acclimated to these conditions for more than 5 days before the start of the experiments. All of the mice used were male, aged 8-10 weeks, and had a body weight of 20-24 g.
Induction and Evaluation of Colitis. Acute colitis was induced in TRAF5
−/− and TRAF5 +/+ mice ( = 10 in each group) using 3% DSS (MW 36,000-50,000, MP Biomedicals, Solon, OH) dissolved in drinking water for 7 days. Normal control mice were given distilled water throughout the experiments. The animals were observed once daily for body weight, stool consistency, and the presence of occult or gross blood in the feces. The disease activity index (DAI) was calculated as described by Cooper et al. (Table 1 ) [23] . At the end of the experiments, the mice were sacrificed by CO 2 inhalation. Postmortem, the entire colons were rapidly removed, photographed, and gently cleared of feces using 4 ∘ C normal saline. Small segments of the distal colons collected for histopathology and immunofluorescence analysis were fixed in 10% normal buffered formalin. The remaining colon tissues were stored at −80 ∘ C for use in the remaining experiments.
Histological Analysis.
Colon segments for histopathology were fixed in 10% formalin, as mentioned above. After paraffin embedding, 5 m sections were cut and stained with hematoxylin and eosin (H&E) in accordance with standard protocols. Histological scoring was conducted blindly by [24] , the scoring was based on a combination of epithelial damage and inflammatory cell infiltration (Table 2) .
Myeloperoxidase (MPO) Activity
Assay. MPO is an enzyme found mainly in granulocytes, and its activity was assessed using an MPO assay kit (Jiancheng Bioengineering, Nanjing, China) according to the manufacturer's instructions. Briefly, the MPO activities of the colon samples were detected by utilizing a kinetic assay in which H 2 O 2 was degraded by the MPO released from neutrophil granulocytes. The absorbance at 460 nm was then measured using a DU 530 Life Science UV/Vis Spectrophotometer (Beckman Coulter, USA). The activity of the MPO is shown in units per gram of tissue (U/g tissue).
RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR).
Total RNA was extracted from the colon samples using TRIzol reagent (Invitrogen, USA) according to the manufacturer's protocols. RNA quantification was performed using a spectrophotometer (NanoDrop 2000, Thermo Scientific, USA). cDNA was then synthesized using a first-strand cDNA synthesis kit (Thermo Scientific, USA) and 2 g total RNA. qRT-PCR was subsequently conducted using the QuantStudio6 6 Flex Real-Time PCR System (ABI, USA) and SYBR5 Premix Ex Taq6 II mix (Takara, Japan). The gene-specific primer pairs used are listed in Table 3 . The 2 −ΔΔCT method was used to determine the relative mRNA levels. 
Primer names
Primer sequences (5 -3 )
Measurement of Colonic Cytokines.
Colon tissues taken from KO and WT mice were weighed and homogenized in phosphate-buffered saline (PBS) containing 0.05% Tween-20, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM benzethonium chloride, 10 mM EDTA, and 20 KIU aprotinin. Subsequently, the tissue homogenates were centrifuged at 12,000 g for 10 min, and the supernatants were removed and stored at −80 ∘ C until use. Quantification of the cytokines IFN-, IL-4, and IL-17a was then performed using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Joyee Biotechnics, Shanghai, China) according to the manufacturer's protocols.
Immunofluorescence
Staining. For immunofluorescence staining, 5 m sections cut from paraffin-embedded tissues were deparaffinized, incubated with sodium citrate buffer (10 mM, pH 6.0) for antigen retrieval, and then blocked with 5% goat serum for 30 min at room temperature. Subsequently, the slides were incubated with specific primary antibodies overnight at 4 ∘ C. The following primary antibodies were used: anti-IFN-(1 : 200 dilution; Proteintech, USA), anti-IL-4 (1 : 100 dilution; BioLegend, USA), anti-IL-17a (1 : 200 dilution; Proteintech, USA), anti-p65 (1 : 100 dilution; Cell Signaling Technology, USA), anti-CD4 (1 : 100 dilution; BioLegend, USA), and anti-CK18 (1 : 100 dilution; Goodbio Technology Co., China). After careful washing with PBS, the slides were incubated with appropriate species-specific secondary antibodies for 1 h. Finally, the sections were stained with 4 ,6-diamidino-2-phenylindole (DAPI) to visualize the cell nuclei, and visualization was performed using fluorescence microscopy.
Isolation of Lamina Propria Mononuclear Cells (LPMCs).
LPMC suspensions were collected as described, with minor modification [25] . Briefly, the colons were opened longitudinally, cautiously washed with ice-cold PBS, and cut into small pieces (5 mm). To remove epithelial cells and intraepithelial lymphocytes, the colon segments were preincubated in HBSS −/− buffer (without Ca 2+ /Mg 2+ ) containing 2 mM EDTA, 10 mM HEPES, 1 mM DTT, and 5% FCS twice for 15 min at 37 ∘ C. The remaining pieces were then incubated in HBSS +/+ buffer (with Ca 2+ /Mg 2+ ) containing 1.5 mg/mL collagenase VIII (Sigma-Aldrich, USA), 0.1 mg/mL DNase I (Thermo Scientific, USA), and 5% FCS for 45 min at 37 ∘ C. After filtration of the digested tissue through a mesh filter, the isolated cells were purified using 40% and 80% Percoll gradients (Sigma-Aldrich, USA) by centrifugation at 1,000 g for 20 min. The LPMCs were then collected at the interface of the 40% and 80% Percoll gradients.
Intracellular Staining. For staining for intracellular IFN-
, IL-4, and IL-17a, the obtained LPMCs were stimulated with Leukocyte Activation Cocktail (BD Biosciences, USA) for at least 5 h in vitro. The cells were then harvested and stained with phycoerythrin-cyanine 7-(PE-Cy7-) conjugated anti-CD4 antibody (eBioscience, USA) for 30 min. Subsequently, the cells were fixed and permeabilized using the BD Cytofix/Cytoperm6 Fixation/Permeabilization Kit (BD Biosciences, USA) according to the manufacturer's instructions, followed by staining with allophycocyanin-(APC-) conjugated anti-IFN-antibody, phycoerythrin-(PE-) conjugated anti-IL-4 antibody, and PE-conjugated anti-IL-17a antibody (all purchased from BD Biosciences, USA). Finally, the cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, USA). The threshold of positivity was defined beyond the nonspecific binding observed in the presence of a relevant isotype-control antibody.
SDS-Polyacrylamide Gel Electrophoresis (PAGE) and
Western Blotting. Colon tissues taken from KO and WT mice were lysed in RIPA lysis buffer containing protease inhibitor cocktail, and the protein concentration was detected using a BCA protein assay kit (Beyotime Biotechnology, China). A total of 50 g protein was then loaded and separated on a 12% SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) using a wet-transfer apparatus. The membranes were blocked in TBST (Tris-buffered saline with Tween-20) containing 5% nonfat milk powder for 1 h at room temperature, followed by incubation with specific primary antibodies overnight at 4 ∘ C. After 3 washes in TBST, the membranes were incubated with horseradish peroxidase-(HRP-) conjugated species-specific antibodies for 2 h at room temperature. After another 3 washes with TBST, the blots were visualized using high-sensitivity chemiluminescence, followed by exposure to autoradiography film. Density analyses of the blots were performed using Quantity One software (Bio-Rad). Specific protein expression levels on the same membrane were normalized to GAPDH levels. The following primary antibodies were used: anti-phosphop65 (no. 3033), anti-total-p65 (no. 8242), anti-phospho-I B (no. 2859), and anti-total-I B (no. 4814) (1 : 1000 dilution; all from Cell Signaling Technology, Beverly, MA, USA). The antibody against GAPDH was purchased from Sungene Biotech (Tianjin, China).
Statistical Analysis.
All data are presented as the mean ± SD. Statistically significant differences were analyzed using one-way analysis of variance (ANOVA) or an unpaired t-test. A value less than 0.05 was considered significant. All statistical analyses were conducted using SPSS 17.0 software.
Results
TRAF5-Deficient Mice Develop More Severe Colitis in Comparison with WT Mice in the DSS-Induced Colitis Model.
To evaluate the roles of TRAF5 in the development of murine experimental colitis, acute colitis was induced in TRAF5 KO mice and their WT littermates by administering 3% DSS in their drinking water for 7 days.
During the administration of DSS, TRAF5 KO mice suffered from significantly greater body weight loss beginning on day 5 in comparison with WT mice (day 5: 88.13 ± 3.64% versus 97.04 ± 2.97%, < 0.01; day 6: 78.41 ± 3.25% versus 90.04 ± 2.83%, < 0.01; day 7: 71.32 ± 3.28% versus 82.98 ± 2.63%, < 0.01) (Figure 1(a) ). In addition, the DAI scores of TRAF5-deficient mice significantly worsened compared with those of DSS-fed WT mice (day 4, = 0.019; day 5, = 0.003; day 6, = 0.001; day 7, = 0.018) (Figure 1(b) ). It is known that colon length is one of the parameters with less flexibility in the DSS-induced colitis model; we found that the colons of KO mice were much shorter than those of WT mice following treatment with DSS (46.9 ± 2.9 mm versus 55.2 ± 2.5 mm, < 0.01) (Figures 1(c) and 1(d) ). DSS administration led to loss of the normal colonic architecture, which was characterized by epithelial damage and infiltration of inflammatory cells. Using a comprehensive scoring system to quantify the degree of damage, we observed much more severe histological injury in TRAF5 KO mice compared with WT mice following DSS induction (Figures 2(a) and 2(b)). We also scored the histology of all of the control mice and observed no obvious inflammation in untreated KO or WT mice. Moreover, elevated levels of MPO activities were found in the colons of TRAF5-deficient animals after DSS administration (Figure 2(c) ), indicating that the loss of TRAF5 could markedly promote colonic neutrophil infiltration in response to DSS. Our data therefore demonstrated that TRAF5 deficiency could significantly exacerbate the severity of DSS-induced colitis.
TRAF5 Deficiency Alters Cytokine and Transcription Factor Production in the Colons of DSS-Induced Mice.
To understand the mechanism that underlies the exacerbation of DSSinduced colitis in TRAF5-deficient mice, we examined the mRNA levels of typical cytokines and transcription factors associated with Th1 (TNF-, IFN-, and T-bet), Th2 (IL-4 and GATA-3), and Th17 (IL-17a, IL-22, ROR-, and ROR-t) cells by qRT-PCR.
Compared with levels in DSS-treated WT mice, the mRNA levels of typical Th1/Th2 cytokines (IFN-and IL-4, resp.) and transcription factors (T-bet and GATA-3, resp.)
were both significantly elevated in the colons of TRAF5 KO mice treated with DSS ( Figure 3) . Additionally, our data also showed an enhancement of IL-17a transcription in DSS-induced TRAF5-deficient animals ( Figure 3) . However, unexpectedly, we found no significant difference in the mRNA levels of Th17-associated transcription factors, including ROR-and ROR-t, between DSS-fed KO and WT mice ( Figure 3) . As a result, we hypothesized that the elevated IL-17a in the colons of DSS-induced TRAF5-deficient mice might be secreted by a type of cells other than Th17 cells. Nonetheless, no difference was found in the mRNA levels of any of the cytokines or transcription factors between untreated KO and WT mice.
Moreover, the protein levels of the cytokines IFN-, IL-4, and IL-17a were detected by ELISA and immunofluorescence staining. Our data indicated that TRAF5 deficiency could significantly enhance the protein levels of IFN-, IL-4, and IL-17a induced by DSS (Figure 4) , which was in accordance with the qRT-PCR results mentioned above. + T cells in response to DSS and that the elevated levels of the cytokine IL-17a, and even IFN-, in the colons of DSS-fed KO mice might be secreted by those IFN-+ IL-17a + double-positive cells.
TRAF5 Deficiency Increases the Frequencies of
Deletion of TRAF5 Enhances the NF-B Signaling Pathway in Inflamed
Colons. The colons of TRAF5 KO and WT mice were isolated for Western blot analysis to explore the potential molecular mechanisms underlying TRAF5 deficiencymediated exacerbation of DSS-induced colitis. Because NF-B is one of the major components mediating IBDs, it plays important roles in the functional divergence and development of Th cell subsets [26, 27] . Thus, we examined the phosphorylated and total protein levels of p65 and I B in the colons of KO and WT mice.
Consistent with the alteration of total p65, the level of phosphorylated p65 was significantly increased in the colons of TRAF5 KO mice compared with WT mice after DSS induction (Figures 6(a) was also markedly enhanced in the colons of TRAF5-deficient animals in response to DSS (Figures 6(a) and 6(d) ). Nevertheless, there was no difference in the baseline activity of NF-B signaling between untreated KO and WT mice. Similarly, immunofluorescence staining of colon sections showed that TRAF5 deficiency markedly enhanced the nuclear localization of p65 compared with that in DSS-induced WT mice (Figures 7(a) and 7(b) ). Therefore, these results demonstrated that TRAF5 deficiency could significantly promote the activation of NF-B signaling after DSS administration.
In addition to immune cells' function, the activation of NF-B is known to play an essential role in epithelial restitution from injury or inflammation. To clarify if the activation of NF-B mainly occurred in immune cells, epithelial cells, or both, colocalization of nuclear p65 with immune or epithelial cell makers (CD4 and CK18, resp.) was also performed in our study. As shown in 
Discussion
In our experiments, we obtained the novel finding that TRAF5 participates in the regulation of local intestinal inflammation. The loss-of-function experiments showed that TRAF5 deficiency could exacerbate DSS-induced colitis, characterized by striking body weight loss, a significantly increased DAI score, dramatic shortening of the colon, and more severe histological injury. Furthermore, we examined the activities of MPO, an enzyme found mainly in granulocytes, and found that TRAF5 KO mice exhibited higher levels of MPO activities than WT mice did after DSS induction. Our data therefore demonstrated that the deletion of TRAF5 could significantly aggravate the severity of DSS-induced colitis. Because the adaptor TRAF5 has been reported to be associated with the regulation of CD4 + Th cell immunity [15, 21, 22] , we next examined the levels of typical cytokines and transcription factors of Th cell subsets (Th1, Th2, and Th17) in the colons of KO and WT mice. Our results indicated that the expression levels of the cytokines IFN-, IL-4, and IL-17a were all significantly elevated in TRAF5-deficient mice in comparison with WT mice induced by DSS. Additionally, our data suggested that TRAF5 deficiency could significantly enhance the mRNA levels of the transcription factors T-bet and GATA-3. However, to our surprise, we found no significant difference in the levels of any specific Th17 transcription factors between the two groups of mice. Hence, we hypothesized that the elevated IL-17a in the colons of DSS-fed KO mice might be secreted by a type of cells other than Th17 cells. Apart from Th17 cells, one unique type of cells, namely, IFN-/IL-17a-coproducing CD4 + T cells, can also secrete IL-17a [28] [29] [30] [31] , and these distinct populations piqued our interest.
To our knowledge, IFN-/IL-17a-coproducing CD4 + T cells represent a group of cells that are transformed from Th1 or Th17 cells. Although classical Th1 and Th17 cells are mainly IFN-and IL-17a single-positive, respectively, this group of cells is IFN-and IL-17a double-positive [28] [29] [30] [31] . Increasing evidence has demonstrated that these populations play essential roles in the pathogenesis of IBDs and other autoimmune diseases [29, 32, 33] . To confirm our hypothesis and further clarify the mechanism, the percentages of CD4 + Th cell subpopulations were analyzed by flow cytometry.
Our data suggested that the percentage of IFN-/IL-17a-coproducing CD4
+ T cells was significantly elevated in the LPMCs of TRAF5-deficient mice compared with those of WT mice following DSS induction. However, the frequencies of classical Th1 and Th17 cells were not significantly different between the two groups. Based on these findings, we assumed that the increase in IFN-+ IL-17a + double-positive cells might play a critical role in the enhanced production of IL17a and IFN-in the colons of TRAF5-deficient animals in response to DSS. Although the plasticity of Th17 cells is widely accepted, the flexibility of Th1 cells is less understood. Liu and his colleagues found that Th1 cells could transform into IFN-/IL-17a-coproducing CD4 + T cells or even Th17 cells and that this transformation was dependent on the expression of the transcription factor T-bet [30] . Similarly, our experiments revealed an increased percentage of IFN-/IL-17a-coproducing CD4 + T cells and elevated expression of T-bet in DSS-induced KO mice. Therefore, we propose that the increased percentage of IFN-+ IL-17a + double-positive cells in the colons of DSS-fed KO mice was probably due to transformation of Th1 cells. However, the precise mechanism is unclear and will require further investigation. Furthermore, our data showed an elevated frequency of Th2 (CD4 + IL-4 + ) cells in the colons of TRAF5-deficient mice after DSS induction, which was consistent with the alteration of cytokine and transcription factor profiles. Several studies have suggested that overexpression of GATA-3 in T cells could markedly aggravate the severity of DSS-induced colitis in mice and that IL-4-deficient mice develop less severe DSSinduced colitis than WT mice do [34, 35] . Thus, we had reason to believe that the elevated level of Th2 cells and their specific cytokine IL-4 in the colons of TRAF5 KO mice might play proinflammatory roles during the development of DSSinduced colitis.
The NF-B family contains five different members, including cRel, RelA (p65), RelB, NF-B1 (p50), and NF-B2 (p52) [36] . Under resting conditions, NF-B is mainly inactivated and kept in the cytoplasm by interaction with the inhibitory protein I B. Upon stimulation, a series of kinases activates and phosphorylates I B, leading to its rapid degradation by ubiquitination. Finally, the released NF-B passes into the nucleus, where it binds to the specific sequences of target genes [37, 38] . In our study, we observed that TRAF5 deficiency increased the phosphorylation of p65 and I B in response to DSS induction. In accordance with the Western blot data, the immunofluorescence staining also showed enhancement of the nuclear localization of p65 in DSS-fed KO mice. These results suggested that the deletion of TRAF5 could significantly promote the activation and translocation of NF-B in the murine colitis model. Although our data have demonstrated that NF-B is activated in TRAF5 knockout mice during DSS colitis, it is not clear if this activation occurs in immune cells, epithelial cells, or both. In order to figure out this puzzle, colocalization of nuclear p65 with immune or epithelial cell makers was also performed in our study. And the results suggested that the elevated activation of NF-B in the colons of TRAF5 KO mice mainly occurred in immune cells but not the epithelial cells. Notably, NF-B signaling has been shown to mediate numerous aspects of Th cell development and differentiation [26, 39, 40] . We therefore assumed that the influence of TRAF5 deficiency on the responses of Th cell subsets in our experiments might be NF-B-dependent. To our knowledge, previous studies have demonstrated that the adaptor TRAF5 participates in the activation of NF-B signaling [18, 19, 41] . Our study challenged this common view by suggesting that NF-B was activated in the colons of TRAF5-deficient mice induced by DSS. In agreement with our findings, Bian et al. also found enhancement of NF-B in the hearts of TRAF5-deficient animals under pressure overload [42] . Thus, we propose that TRAF5's effect on NF-B signaling might be tissue and disease specific.
In summary, our study identified TRAF5 as an antiinflammatory modulator in murine experimental colitis. Relative intensity ratio to GAPDH * * Relative intensity ratio to GAPDH 
